Abstract. Climate refugia management has been proposed as a climate adaptation strategy in the face of global change. Key to this strategy is identification of these areas as well as an understanding of how they are connected on the landscape. Focusing on meadows of the Sierra Nevada in California, we examined multiple factors affecting connectivity using circuit theory, and determined how patches have been and are expected to be affected by climate change. Connectivity surfaces varied depending upon the underlying hypothesis, although meadow area and elevation were important features for higher connectivity. Climate refugia that would promote population persistence were identified from downscaled climate layers, based on locations with minimal climatic change from historical conditions. This approach was agnostic to specific species, yielding a broad perspective about changes and localized habitats. Connectivity was not a consistent predictor of refugial status in the 20th century, but expected future climate refugia tended to have higher connectivity than those that recently deviated from historical conditions. Climate change is projected to reduce the number of refugial meadows on a variety of climate axes, resulting in a sparser network of potential refugia across elevations. Our approach provides a straightforward method that can be used as a tool to prioritize places for climate adaptation.
INTRODUCTION
Managing climate refugia has been proposed as a climate adaptation option (Keppel et al. 2015 , Morelli et al. 2016 . Climate refugia have been characterized by various definitions, including patches that experience minimal environmental change through time, places where temperatures are cooler than the surrounding matrix, and areas with precipitation patterns that mollify warming conditions (Ashcroft 2010 , Dobrowski 2011 , Keppel et al. 2012 , Morelli et al. 2016 . Climate refugia need not persist on the landscape for an extended period of time, and are not limited to fringe or trailing populations (Morelli et al. 2016) . Accessibility may be a key attribute for these climate-buffered locations (Keppel et al. 2015) , reflected by their connectivity (Epps et al. 2006 , Isaak et al. 2015 . Even if refugia merely act as holdouts in the face of climate change (Hannah et al. 2014) , persistence of populations restricted to climate refugia likely will require dispersal among patches to minimize the negative effects of inbreeding and stochastic disturbances (Opdam and Wascher 2004 , Manel and Holderegger 2013 , Hastings 2014 . Nevertheless, connectivity can also increase the risk of invasion, spread, and persistence of pests and pathogens (Schreiber and Lloyd-Smith 2009, Maher et al. 2012) , reducing the conservation value of connected patches (Hampe and Jump 2011 , Mosblech et al. 2011 , Ashcroft et al. 2012 . Thus, mapping the occurrence of refugial patches and their connectivity within a habitat network is key to managing populations under future environmental change scenarios.
Connectivity of habitat patches within a landscape reflects the ability of individuals to move to new patches. It results from the permeability of the surrounding environmental matrix (Dunning et al. 1992 , Damschen et al. 2006 , Koen et al. 2012 , Neuwald and Templeton 2013 , and the spatial arrangement and size of habitat patches (Diffendorfer et al. 1995 , With et al. 1997 , Chisholm et al. 2011 . Connectivity analysis has shed light onto patterns of dispersal corridors (Nuñez et al. 2013) , invasion routes (Wilson et al. 2009 ), and how species may track climate change (Parmesan 2006) . Further, quantifying potential connectivity between habitat patches provides hypothesis-driven metrics that can be tested using empirical datasets (Baguette and Dyck 2007 , Maher et al. 2012 , Berlow et al. 2013 .
Here, we combine connectivity analyses (Urban and Swihart 2009 , Zeller et al. 2012 , Nuñez et al. 2013 ) with recent climate change and future projections to examine patterns of connectedness among climate change refugia for meadows in the Sierra Nevada. Montane meadows provide a useful system to evaluate the influence of climatic change on connectivity. In the Sierra Nevada of California, montane meadows are a discrete habitat network for a variety of flora and fauna (Hatfield and LeBuhn 2007, McIlroy and Allen-Diaz 2012, Roche et al. 2012 , Berlow et al. 2013 ). These meadows occur within a matrix of mostly coniferous forests among a backdrop of dramatic topographic relief. Meadow quality and persistence is mediated by a mixture of geology, fire, climate, and water balance (Fites-Kaufman et al. 2007) . In response to increasing temperatures and decreasing soil moisture, along with widespread fire suppression, conifers have expanded into Sierra Nevada meadows over the 20th century (Millar et al. 2004) . Moreover, anthropogenic climate change has contributed to heterogeneous shifts in elevation for a variety of taxa in the Sierra Nevada (Rapacciuolo et al. 2014 , Rowe et al. 2015 .
We compare patterns of connectivity based on four hypothesized factors that could affect isolation of meadows: distance, topography, watercourses, and roads. Next, we identify which meadows were climate refugia based on a suite of variables, including temperature, precipitation, and water balance. We use a simple approach to identify refugia that is agnostic to particular species by focusing on patches that have experienced and are expected to experience minimal deviations from recent past climate conditions. We provide mapped estimates of these refugia and examine patterns within different connectivity classes. Finally, we forecast the distribution of future climate refugia using projections of climate and make comparison of among categories of connectivity.
METHODS

Meadow distribution and size in the Sierra Nevada
We obtained a geodatabase representing montane meadows throughout the Sierra Nevada from the Information Center for the Environment (Fryjoff-Hung and Viers 2012). The dataset contained 17,039 individually designated meadows collated from various sources, representing the most complete enumeration of meadows across the Sierra Nevada and surrounding regions (Appendix S1: Fig. S1 ). We compared this dataset with another well-curated representation of meadows that was limited to Yosemite, Sequoia, and Kings Canyon National Parks (E. Berlow, personal communication) and found the data concordant, and assume that the representations outside these parks are equally concordant with the actual distribution of meadows. As the size of small meadows precludes their inclusion in the analysis, we first added a 150-m buffer around each meadow polygon and then used the dissolve tool to merge overlapping polygons using ArcGIS 10 (Environmental Systems Research Institute 2012), resulting in 7969 polygons, which we refer to as "meadows" for simplicity (Appendix S1: Fig. S1 ). This buffer accounted for potential errors in delineation and position of meadows, reduced computational time, and provided a simpler and more conservative landscape from which we could generate connectivity estimates. The buffer and dissolve shifted the range of area from 0.004-18.658 km 2 to 0.111-42.076 km 2 . We made the simplifying assumptions that (1) currently existing meadows have always been meadows, representing fixed nodes in a connected network; (2) the majority of nodes have experienced little change in size or shape since the early part of the 20th century; and (3) node characteristics will remain consistent through the 21st century. This third assumption likely represents a best-case scenario because drought, habitat transformation, and changes in fire frequencies will likely alter the extent of individual meadows.
Estimation of connectivity
We hypothesized four factors could influence the isolation of individual patches: distance, topography, watercourses, and roads. For each hypothesis, we developed friction surfaces to represent the difficulty or ease of movement between meadows. These layers were then used with our meadows layer in Circuitscape (Shah and McRae 2008) . Circuitscape applies concepts from circuit theory to better address potential movement across a landscape. It uses a random walk approach that does not assume perfect knowledge of the landscape, which other cost-distance approaches require. Briefly, the friction surface is converted to a graph in which each cell is considered a node and edge weights are defined by the raster value. Habitat patches (e.g., meadows) are then associated with the collection of nodes that are geographically coincident; current is allowed to flow between patches to represent movement along the landscape. In our executions, we used the following settings: all-to-one-mode for focal nodes (i.e., meadow raster layer), eight neighbors to connect cells, and friction surfaces set to either resistance (barriers) or conductance (vectors) based on the expected effect on dispersal. The all-to-one setting is suggested for corridor analysis and movement between multiple patches ). All friction surfaces were rasters with a cell size of 540 m because of computation restrictions. Thus, after converting the meadow layer from polygon to raster, the number of meadows was further reduced to 5894, which varied in area from 0.111 to 42.076 km 2 . We used the cumulative summary map to visually compare corridors of movement and extract mean connectivity values for each meadow using the zonal statistic operation in Arc-GIS. With meadows as nodes within a network, the connectivity value represents the frequency of movement through the patch given the factor. Thus, high connectivity values represent patches that are frequently traversed within the network and thus are less isolated.
Our simplest assumption was isolation by distance, for which we used a uniform friction surface. For isolation by topography, we incorporated the difficulty of moving over steep slopes by weighting movement using the PathDistance tool in ArcGIS Spatial Analysis. To first represent elevation, we used a 90-m digital elevation model that was resampled to 540 m using bilinear interpolation. We estimated the cost of moving across slopes using the symmetric inverse linear function under default settings (i.e., increased weight of movement with increased or decreased slope), and did not permit movement if the slope was greater than 45°. Upslope and downslope movements were equally weighted, assuming a dispersing individual was likely to avoid steep areas, regardless of direction. As larger values represent increasing distances between points, this layer was used as a resistance surface.
To estimate isolation by watercourses, we obtained a polyline layer representing watercourses (i.e., rivers and streams) throughout the contiguous United States (Lehner et al. 2006) . Friction surfaces were created to represent different aspects of how watercourses could act as either a vector or a barrier to dispersal. First, we created a raster layer in which watercourses were weighted heavily (value equals 100), whereas non-watercourses were weighted lightly (value equals 1). When used as a resistance surface, this layer reflects the presence of watercourses as a barrier to dispersal; when used as a conductance surface, the layer reflects the presence of watercourses as a vector of dispersal. Second, we generated a raster layer based on Euclidean distance from a watercourse. Used as a conductance layer, it suggests areas farther away from watercourses would facilitate movement; used as a resistance layer, it suggests areas closer to watercourses facilitate movement. We did not differentiate between stream orders in this analysis, as datasets incorporating this information are not geographically complete for our study area. Moreover, weighting on stream order would require taxon-specific assumptions regarding dispersal ability and effect of the watercourse.
Isolation by roads was represented as the Euclidean distance from primary or secondary roads using a line shapefile dataset obtained from U.S. Census Bureau (2012) . This surface also acted as a proxy for human activity and presences. This layer was used as a conductance layer and we assumed areas farther from roads would facilitate movement. We did not discriminate between road classifications; state, county, and interstate highways were considered equal impediments. Decomposing these effects further would have required generation of surfaces in relation to species-specific dispersal traits, which are not known for most species in the Sierra Nevada.
We compared log-transformed mean values of connectivity to scaled meadow attributes (area, elevation, and geographic position) using general linear models to assess the relative importance of these characteristics. To summarize patterns among surfaces, we first classified meadows that were in the upper quartile of connectivity in all surface measures as "well connected" (WC), using R ver. 3.0 (R Core Team 2013). Meadows that were in the upper quartile of at least one, but not all of the seven surfaces (watercourses 9 4, elevation, roads, and the uniform distribution), were classified as "more connected" (MC), and the remaining meadows were considered "least connected" (LC). We analyzed elevation and size of WC and MC meadows compared to LC meadows by plotting stacked histograms. If our classifications represent random draws of meadows in geographic space, we expected them to have similar size and elevational distributions.
Assessment of recent climate change
Climate data for all California hydrological units were estimated using 800-m PRISM data (Daly et al. 2008) downscaled to 270-m raster layers (Flint and Flint 2012) . These data represented minimum temperature, maximum temperature, and precipitation of each month of each year during the 20th century and incorporate cold-air pooling (Lundquist et al. 2008) . Application of the fine-scale hydrologic model, Basin Characterization Model (Flint et al. 2013) , provided monthly estimated values of snowpack (as snowwater-equivalent, SWE), runoff, and climatic water deficit (CWD, the difference between estimated actual and potential evapotranspiration, Stephenson 1990) based on empirically derived parameters. Climatic water deficit values for each water year (October-September) were summed to provide the annual estimates of water available to vegetation. Such fine-resolution data provide the necessary context for climate conditions in and around smaller habitat patches, particularly those in a topographically diverse landscape.
We defined climate refugia as areas on the landscape where the magnitude of change in climate and climate-derived measures was minimal, as measured from a baseline period of 1910-1939, which coincides with the time prior to measurable anthropogenic effects on climate (Hansen et al. 2010 ). We used a modern period, 1970-1999, which includes the period when anthropogenic climate change became observable (Hansen et al. 2010) , to assess the observed climate refugia on the landscape. To represent temporally broad climate trends during each period, we used the R packages raster (Hijmans 2013 ) and dismo , particularly the function biovars, to generate summary variables that represent overall climate trends in each era. We were interested in mean annual temperature and total annual precipitation, maximum temperature of the warmest month, minimum temperature of the coldest month, and mean temperature of the coldest quarter based upon observed impacts on a suite of montane California species (e.g., , Morelli et al. 2012 , Rubidge et al. 2012 , Tingley et al. 2012 , Rapacciuolo et al. 2014 , Rowe et al. 2015 . We also determined the mean of 1 April SWE and CWD for each period from output of the Basin Characteristic Model (BCM), as these measures also likely affect both fauna and flora (e.g., Lutz et al. 2010) . To represent the magnitude of change between eras, we used the simple difference for temperature-related variables, and the difference divided by the historical values for precipitation and hydrologically informed variables to measure proportional change. For variables representing differences in monthly or quarterly measures, the magnitude of values should be treated with caution because they may refer to different time periods in each dataset (e.g., minimum temperature of ❖ www.esajournals.orgthe coldest quarter for a given pixel may have been December, January, and February in the historical period and January, February, and March in the modern period). This may be relevant if specific phenologies are tied to daylight measures and not to environmental conditions.
In addition to changes in central tendencies, we examined the frequency of extreme modern values relative to variation in the historical period (see McCullough et al. 2015 for a similar approach). Extreme values in the historical record were identified as the 95th quantile (wetter and warmer) or the 5th quantile (drier) on a per-pixel, monthly basis. We totaled the number of modern months that exceeded the 95th quantile of minimum temperature, maximum temperature, and precipitation, respectively, and those that were less than the 5th quantile of precipitation. We determined the mean frequency that conditions were above or below the threshold for the 30-year modern period, such that low values represent stability and higher values designate pixels exhibiting a greater shift in climate regime.
Assessment of future climate change
To address the potential change in climate and estimate future refugia, we analyzed precipitation and air temperature reflecting two emissions scenarios (SRES A2 and B1, where A2 represents a business-as-usual scenario that assumes little mitigation, and B1 includes reduced future emissions) and two general circulation models (the NCAR Parallel Climate Model [PCM] and the NOAA Geophysical Fluids Dynamics Laboratory [GFDL] ). These four future projections represent the range of projected climatic conditions in California (Cayan et al. 2008 ): warmer and wetter (PCM B1 and GFDL B1) and warmer and drier (PCM A2 and GFDL A2). We used these projections to calculate the same variables in the observed dataset, and incorporated cold-air pooling in the monthly minimum temperatures between December and May by imposing a 1.6°C temperature reduction to grid cells mapped as having cold-air pooling (Lundquist et al. 2008 , Curtis et al. 2014 . Further details regarding the development of these estimates can be found in Flint and Flint (2012) . Again, we calculated summary values for 30-year periods representing early (2010-2039), middle (2040-2069) , and late 21st century (2070-2099) using the biovars function in R, and totaled the number of months that exceeded the variation in minimum temperature, maximum temperature, and precipitation from the historical era.
Identification of climate refugia
We overlaid the meadows layer on the climate-related raster layers and extracted values. Meadows were then classified as "refugial" or "non-refugial" based on the differences in values of the BCM output. For simplicity, we first assessed whether a meadow was refugial based on a single environmental axis (e.g., change in mean annual temperature or frequency of extreme minimum temperature). We used the following three thresholds to define minimal change in climate conditions: (1) temperature changes within 1°C; (2) relative precipitation, snowpack, and CWD changes within 10%; and (3) no more than 1 or 2 months/yr on average exceeding the extreme historical temperature and precipitation variation, respectively. These values were chosen to represent deviations that would likely impact persistence in a variety of species; a species-specific approach could use more precise thresholds. We added additional complexity by classifying meadows as refugial if they also met threshold conditions for two environmental axes: (1) mean annual temperature and mean annual precipitation and (2) 1 April SWE and extreme monthly minimum temperature (1 month/yr threshold). While these criteria were not based on statistical models, they identified sites undergoing little change.
We tested whether meadows that were climate refugia in the past century had high connectivity and were at high elevation using logistic regression models. We then applied the climate refugia concept to future climate scenarios by extracting values from the future scenario change maps and used the same thresholds. This provided an opportunity to determine where climate refugia are expected to occur and the relative frequency of climate refugia expected during this century. We determined which meadows were expected to be refugial in sequence for each circulation model and scenario combination and compared the mean connectivity between those that were still considered refugia in an era and those that were no longer considered refugia in an era using t tests.
RESULTS
Estimation of connectivity
Each of the hypothesized factors that likely would impact connectivity across a variety of taxa (distance, watercourses, and roads) affected the geographic patterns and range of values of connectivity among Sierra Nevada meadows ( Fig. 1 ; Appendix S1: Fig. S2 ). Distributions of connectivity values varied among hypotheses, although long tails of low connectivity were common (Appendix S1: Fig. S3 ). For all individual connectivity surfaces, meadows at higher elevations were more likely to have higher connectivity values than lower meadows (Appendix S1: Figs. S4,  S5 ). Pairwise comparisons of connectivity suggested small to moderate differences between some connectivity surfaces; correlations for all surface pairs were significant (P < 0.001), but varied between 0.082 and 0.960 (Appendix S1: Table S1 ). The most predictive model (with the lowest Akaike's information criterion value) of connectivity explained 55.96% of the variation in log-transformed mean connectivity (F 15,5878 = 500.5, P < 0.001). It included area, elevation, latitude, longitude, and interactions for all variables (Table 1; Appendix S1: Table S2 ). In this model, area and elevation accounted for much of variation explained in the model (38.5% and 42.2%, respectively), as did geographic position (latitude 9 longitude; 15.3%).
We classified 329 of the 5894 meadows as WC (5.6%), 3091 as MC (52.4%), and 2474 as LC (42.0%). The amount of area represented by the WC meadows was large (30.6% of total), while MC meadows, despite being nearly five times as numerous, represented a similar proportion of the area (49.6%). Thus, the well-connected meadows tended to be larger than other meadows (Appendix S1: Figs. S4, S6). They also occurred at higher elevations (Appendix S1: Figs. S4, S5), although they were spread throughout the Sierra Nevada (Appendix S1: Fig. S7 ).
Recent climate refugia and connectivity
The proportion of meadows classified as climate refugia depended upon which climate variable was designated (mean = 0.556, range = 0.006-0.961; Table 2 ). Four variables yielded over 80% of the meadows as refugial, of which three reflected frequency of extreme events, whereas six variables yielded less than half of the meadows as refugial (Table 2) . Central tendency measures of temperature (annual mean = 0.878, maximum = 0.683, minimum = 0.287, mean temperature of the coldest quarter = 0.740) varied in assignment of refugial meadows. Few meadows were assigned as climate refugia under the two variable combinations we assessed (annual mean temperature and annual precipitation = 0.323; 1 April SWE and monthly minimum temperature extreme 0.051). Geographically, regions of meadows that were refugial varied among variables tested, such that meadows were not consistently classified between similar climate variables (Fig. 2) ; there were definite contrasts between minimum and maximum temperature climate refugia maps (Fig. 2B, C) .
Logistic regression models of the relationship between logarithmically transformed mean connectivity and refugial status were significant for 14 of 15 variables tested (P ≤ 0.03; Table 3 ). The sign of the coefficient was positive for 6 of 14 variables, although this proportion was not significantly different from random (binomial test, P = 0.791). Likewise, models of elevation and refugial status were significant (P < 0.001) in all variables, and eight coefficients were positive (Table 3) .
Future climate refugia and connectivity
Scenarios for future climate conditions indicated a reduced proportion of meadows that were refugial (Fig. 3 , Tables 4 and 5). For both circulation models, the A2 scenario yielded very few refugial meadows by the end of the 21st century based on projections of temperature changes (PCM mean = 1.6%, range = 0.0-8.3%; GFDL mean = 0.7%, range = 0.0-5.1%). Generally, the number of refugia designated by temperature measures decreased in each time step, regardless of connectivity and quantitative approach (Figs. 3, 4) . The number of refugia classified on the basis of precipitation changed inconsistently through time, as there were differences between the measure of central tendency and the number of extreme months. Likewise, changes in refugia defined by 1 April SWE and CWD exhibited variations in their downward trends (Tables 4 and 5) .
Regardless of circulation model and scenario, changes in logarithmically transformed mean connectivity between eras for climate refugia more often favored meadows with higher connectivity (Fig. 3, Tables 4 and 5 ). Accounting for only Fig. 1 . Patterns in connectivity based on four hypotheses of isolation. Each hypothesis was represented by at least one friction surface: presence (as barrier, A; as vector, C) and distance from watercourses (as barrier, B; as vector, D); distance from roads (E); elevationally weighted distance (F); and uniform (G). We present each summary map over a hillshade surface to highlight the potential relationships between connectivity and topography (darker blue is higher connectivity). For watercourses as barriers, the general patterns of connectivity were consistent regardless of implementation (presence or distance), whereas the watercourses as vectors yielded different patterns and the presence surface resulted in patterns similar to the uniform surface. The remaining friction surfaces show patchiness along the Sierra Nevada, with clusters of high connectivity either in southern (distance from roads) or in the middle (topographically weighted distance) parts of the range. Climate refugia, when they occurred in future scenarios, tended to be in higher elevations, although the general loss depended upon the climate variable in question ( Fig. 4 ; Appendix S1: Fig. S8 ). In several cases, deviations from historical conditions occurred dramatically in a given era (Fig. 4 , Tables 4 and 5). Mapping meadows as future climate refugia and WC, MC, and LC status showed regional patterns of occurrence, particularly in the southern and eastern Sierra Nevada, regardless of connectivity classification (Appendix S1: Figs. S9, S10). ❖ www.esajournals.org Fig. 2 . Distribution of meadows that are climate refugia (blue) and those that are not (red) depending upon variable under consideration (annual temperature, A; maximum temperature, B; minimum temperature, C; annual precipitation, D; see Table 3 ). 
DISCUSSION
Connectivity and climate refugia
We found a positive relationship with connectivity and elevation and meadow size (Appendix S1:
Figs. S4-S6). These relationships were impacted by interactions and geographic position, as identified in our preferred linear model (Table 1;  Appendix S1: Table S2 ). In fact, the interaction coefficient combining latitude and longitude Fig. 3 . Trends of change in expected number of refugia and mean connectivity of the network through time depending upon the climate variable (mean annual temperature A; mean annual precipitation B; minimum temperature C; mean temperature of the coldest quarter D; extreme minimum temperature at 2 months/yr E; extremely low precipitation at months/yr F). Gray lines represent the GFDL circulation model, and red lines represent the PCM circulation model; darker lines are the proportion of refugia remaining from the previous era (left y-axis) and the lighter lines are the change in connectivity form the previous era (right y-axis). Solid lines are the A2 climate scenario, and dashed lines are the B1 climate scenario. GFDL, Geophysical Fluids Dynamics Laboratory; PCM, Parallel Climate Model.
generally suggested increased connectivity moving north and east. However, interaction coefficients involving area frequently were negative, suggesting the effect of area is dampened when other variables were considered.
The proportion of meadows that were climate refugia varied greatly among variables and measures assessed. Refugia measured by mean annual temperature and annual precipitation diverged greatly in number (Table 2 ) and geographic position (Fig. 2) , such that only 32.3% of meadows met our thresholds. Such broad changes across a suite of climate patterns likely have impacted species within the Sierra Nevada meadow network. Meadows that have experienced dramatic shifts in CWD likely have altered hydrological conditions and species composition (e.g., Millar et al. 2004 ). Aspects of fire frequency (both current and future) will no doubt influence vegetation in the surrounding landscape Stephens 2008, Moritz et al. 2012 ), which will also impact meadows. Further, the sensitivity of the underlying geology to shifts in precipitation events and temperature may alter meadow persistence. Although we do not analyze the specific impacts of climate change on habitat patches, we expect that large deviations would have direct and indirect impacts on species that would alter physical and biological properties on which current biodiversity relies. Phenological patterns associated with climate could be disrupted and lead to a disconnection of annual cycles that result in negative (Dalsgaard et al. 2013) or positive feedbacks (Ozgul et al. 2010) . Negative feedbacks could disrupt actual dispersal corridors for meadow species and lead to population fragmentation, whereas positive feedbacks may result in an increase in dispersal because of local resource saturation.
Species responses to climate change
In California, species have responded variably to observed climate change, and climatic conditions have changed heterogeneously across the state (Rapacciuolo et al. 2014) . Directional range shifts in elevation of diverse taxa along the Sierra Nevada have been mixed, and movements were 1910-1939 1970-1999 1910-1939 2010-2039 1910-1939 associated with temperature, precipitation, and water availability as potential drivers (e.g., Tingley et al. 2012 , Rapacciuolo et al. 2014 . Such range shifts could have been facilitated or impaired based upon the connectivity of habitats and the availability of corridors of movement. We did not find a consistent pattern with respect to mean connectivity and climate change refugia during the most recent century (Table 3) . Furthermore, climate change refugia were not consistently found at high elevations, impacting na€ ıve expectations of range shifts as meadow species might have limited access to habitats. Climate change refugia might have facilitated regionally persistence of taxa (Morelli et al. 2012) . Furthermore, climate refugia with high connectivity might yield negative outcomes for meadows by facilitating range shifts of invasive species or pathogenic organisms.
Under potential future climate scenarios, very often climate refugia will occur in meadows that have relatively higher connectivity, given the available network of refugial meadows from the previous era (Fig. 3, Tables 4 and 5) . Perhaps this will facilitate movement and genetic exchange within stable habitats in the near future; management of these areas also could be key to minimize negative effects of connectivity on populations. However, many of the meadows will deviate strongly from historical conditions and few will continue to experience similar climate patterns through this century (Fig. 4) . In many respects, there will be restricted geographic availability of meadows that will be climate refugia, and these were often clustered in the southern and eastern Sierra Nevada in our maps. The overall meadow network will become reduced regardless of climate change scenario, which would further fragment meadowdependent metapopulations. Populations buffered from negative impacts of invaders or pathogens through isolation may still become extirpated because of the shifting climate. If species can adapt to new climates, population shifts in distribution may be prevented, but not if suitable dispersal corridors that link climate refugia also disappear from the landscape. The consequent increasing isolation of populations could lead to genetic bottlenecks and influence viability of metapopulations supported by meadow networks (Orrock 2005) .
Estimating impacts of climate change on species can require detailed species-specific information (Kearney and Porter 2004, Sinervo et al. 2010) , but can inform conservation directions. Alternatively, identifying whether areas may act as a climate refugia could be more impactful for resource managers (Keppel et al. 2015 , Morelli et al. 2016 . The approach herein would be applicable where there is a diverse suite of species and limited information on physiological constraints of each. Integration of connectivity into such management decisions will also be key to potentially prepare for range shifts, invasions, and persistence with climate change (Rudnick et al. 2012 , Gillson et al. 2013 ).
Assumptions and caveats
Our analysis made several assumptions regarding the history and designation of the meadows we compared. For instance, we do not know the size and status of these meadows prior to anthropogenic climate change, nor do we consider how meadow size will change under future conditions. There is already evidence of expansion of conifers into meadows during the 20th century (Millar et al. 2004) , and further changes in groundwater may alter these ecosystems. However, it is likely that existing meadows have been meadows for periods longer than the last 100 years, so our beginning network represents a best-case scenario for the future extent. Because of the complex processes that result in meadows, it is unlikely that new meadows will naturally form in the time-frame under consideration.
Our estimates of the influences of climate change on meadow connectivity should be robust to the diverse topographic landscape of the Sierra Nevada. Both the observed climate and future climate scenarios account for cold-air pooling (Curtis et al. 2014) , which is an important characteristic for this region. However, our climate-related variables do not account for other heterogeneities in microclimates that may further create climate refugia (Ashcroft et al. 2012 , Gillingham et al. 2012 , Keppel et al. 2012 , Millar et al. 2015 . Nevertheless, the departure of the broader macroclimate variables expected in the future suggests that vegetation will be affected (Millar et al. 2004 , Crimmins et al. 2011 , Hijmans 2011 , Stephenson and Das 2011 and patterns in the microclimate will change accordingly (D'Odorico et al. 2013) .
By combining aspects of connectivity and climate refugia, we were able to examine where broader impacts of anthropogenic climate change have been and will be mediated in a meadow network. This approach provides a comprehensive examination of the impacts of climate change on a valuable habitat throughout the extent of the Sierra Nevada. Our approach helps to identify areas that, once evaluated using species-specific data, can then be prioritized for management action. We are confident that the patterns in potential connectivity we identified are likely to apply to a variety of organisms that disperse using various mechanisms and should represent restrictions for a number of taxa associated with meadows. How specific resistance surfaces explain dispersal constraints should be further evaluated using genetic data for species of concern.
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